Voltage-gated proton channels (VSOP/Hv1) reportedly promote reactive oxygen species (ROS) production in several immune cell types. However, we recently reported that primary microglia from VSOP/Hv1-deficient mice show higher ROS production than those from WT mice. Microglia may show a distinct activation status between WT and VSOP/Hv1-deficient cells, leading to a distinct level of ROS production between them. This is unlikely, however, because ROS production in VSOP/Hv1-deficient microglia remained higher than in WT microglia when the cells were exposed to LPS. Further, this increase in ROS production in VSOP/Hv1-deficient cells was not observed in macrophages, which suggests microglia have a unique mechanism of VSOP/Hv1-dependent ROS regulation. The mechanism underlying this unconventional ROS regulation by VSOP/Hv1 in microglia is discussed.
Introduction
VSOP/Hv1, which is encoded by the gene Hvcn1, is a voltage gated proton channel consisting of a voltage-sensor domain without the pore domain characteristic of other ion channels. 1, 2 The voltage-sensor domain plays a dual role as both a proton permeation pathway and voltage sensor. VSOP/Hv1 has diverse biological functions, but its role in the regulation of reactive oxygen species (ROS) production in various immune cell types, including neutrophils, eosinophils, B lymphocytes, T lymphocytes, macrophages and microglia, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] has been the most intensively studied. VSOP/Hv1 is thought to support ROS production in these cells by exporting excess intracellular protons that accumulate during respiratory bursts, as intracellular acidification and membrane depolarization inhibit nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activity. 6, 13 On the other hand, we recently reported that extracellular ROS production is markedly higher in primary cultures of Hncn1 ¡/¡ microglia than in WT microglia, which suggests VSOP/Hv1 also exerts suppressive effects on ROS production in microglia. 14 Moreover, our findings indicated that the impact of VSOP/Hv1-mediated ROS regulation on neuronal damage during brain ischemia appears to depend on the age of the animals, indicating that the effect of VSOP/Hv1 on microglial ROS levels is dependent on the state of the microglia. Considering the potential significance of VSOP/Hv1 as a therapeutic target for ischemic stroke or other neuropathology, 12, 14, 15 it is important to fully understand the mechanisms by which VSOP/Hv1 affects ROS production. In the present study, we performed several experiments to gain insight into the mechanism of the suppressive ROS regulation by VSOP/Hv1.
Results

Analysis of gp91 expression and ROS production in WT and Hvcn1
¡/¡ microglia with and without LPS treatment
In microglia, the NADPH oxidase complex plays a crucial role in respiratory bursts. [16] [17] [18] [19] There are several possible mechanisms that could account for the upregulated ROS generation in Hvcn1 ¡/¡ microglia. For example, because the assembly of NADPH oxidase from membrane-bound and cytosolic subunits is essential for enzyme function, ROS production could be enhanced by promoting translocation of cytosolic subunits to the membrane or by phosphorylating subunits. [17] [18] [19] We recently reported that altered actin dynamics, which governs trafficking of the subunits to the membrane, [20] [21] [22] [23] accounts at least in part for the increased ROS production in Hvcn1 ¡/¡ microglia.
14 Nevertheless, it is likely that factors other than actin dynamics also contribute to the enhanced ROS production in Hvcn1 ¡/¡ microglia. Specifically, the expression of NADPH oxidase subunits is frequently upregulated upon activation of microglia, 24, 25 which could contribute to the enhanced ROS production seen in Hvcn1 ¡/¡ microglia. We therefore compared levels of gp91 mRNA, which encodes the transmembrane component of NADPH oxidase, between WT and Hvcn1 ¡/¡ microglia. However, we found that there was no significant difference in gp91 expression between WT and Hvcn1 ¡/¡ microglia ( Fig. 1A ; P D 0.9308, unpaired t-test). We then examined the effect of microglial activation on gp91 expression and ROS production by treating WT and Hvcn1 ¡/¡ microglia with 100 ng/ml LPS for 2 days. The pro-inflammatory response of microglia was observed in both genotypes, as evidenced by the significant upregulation of Tnfa ( Fig. 1B ; P < 0.05 for both, Bonferroni multiple comparisons, multiplicity adjusted P-values). On the other hand, we saw no difference in the levels of Tnfa expression between WT and Hvcn1 ¡/¡ microglia in either the vehicle or LPS treatment groups ( Fig. 1B ; P>0.9999 for both, Bonferroni multiple comparisons, multiplicity adjusted P-values). We also analyzed gp91 expression in the same groups used to assess Tnfa expression. Consistent with an earlier report that inflammatory responses upregulate gp91 expression 24, 25 , cells treated with LPS tended to show greater gp91 expression than vehicle-treated groups ( Fig. 1C ; in WT, P D 0.0564, Bonferroni multiple comparisons, multiplicity adjusted P-value). However, we detected no difference in gp91 expression between WT and Hvcn1 ¡/¡ microglia in the LPS treatment group ( Fig. 1C; P>0 .9999, Bonferroni multiple comparisons, multiplicity adjusted P-values). When we then measured extracellular ROS induced by 1 mM PMA in the LPS and vehicle treatment groups (Fig. 1D) , we consistently observed that LPS accelerates and strengthens the ROS production in both WT and Hvcn1 ¡/¡ microglia, as evidenced by the increase in peak amplitude (Fig. 1E ) and decrease in the time to peak (Fig. 1F) . Notably, we also found that ROS production by Hvcn1 ¡/¡ microglia remains higher than the production by WT microglia in the LPS treatment groups (Fig. 1D , E).
Enhanced ROS production in the absence of VSOP/ Hv1 is observed in microglia but not in macrophages
Because we observed enhanced ROS production in Hvcn1 ¡/¡ microglia, irrespective of their activation status, we examined whether a similar phenomenon also occurs in Hvcn1 ¡/¡ macrophages, which share multiple features in common with microglia. In contrast to microglia, Hvcn1 ¡/¡ macrophages showed weaker ROS production in response to PMA than did WT macrophages ( Fig. 2A, P<0 .01, two-way ANOVA, n D 5 for each). When peritoneal macrophages were stimulated with PMA, bimodal responses were observed both in WT and Hvcn1 ¡/¡ cells that had also been observed in neutrophils and T-cells. 8, 14 At the second peak, the response of Hvcn1 ¡/¡ macrophages was about 30% smaller than in WT macrophages ( . The temporal pattern of the difference was similar to that in neutrophils and T-cells, though the magnitude of the difference in macrophages was smaller than in neutrophils or T-cells, which showed around a 3-fold difference between WT and Hvcn1 ¡/¡ cells. 8, 14 Collectively then, ROS production in Hvcn1 ¡/¡ animals is enhanced in microglia but reduced in macrophages, suggesting that microglia have a unique mechanism governing ROS production.
Comparison of ROS production in primary cultured microglia and neutrophils
Finally, the levels of ROS production were compared between microglia and neutrophils stimulated using 1mM PMA. Neutrophils exhibited bimodal responses to PMA stimulation (Fig. 3A) . Moreover, ROS production by neutrophils was much greater than by microglia (P<0.0001, two-way ANOVA, n D 3 for each), with neutrophils showing about 12-fold greater peak ROS production (426.0 § 197.6 vs 5,240 § 170.1; n D 3, P<0.0001) and AUC (12,078 § 6,059, n D 3 vs 150,427 § 1,623; n D 3, P<0.0001).
Discussion
Activation does not account for the enhanced ROS production in Hvcn1 ¡/¡ microglia
In the present study, we compared the expression of gp91 between WT and Hvcn1 ¡/¡ microglia to test the idea that the enhanced ROS production in Hvcn1
microglia is attributable to a difference in the expression of NADPH oxidase subunits. However, we observed no obvious difference between the two genotypes in that regard. In addition, when we applied LPS, which is known to activate microglia by inducing a pro-inflammatory response, 26 similar levels of Tnfa expression, a widely used inflammatory marker, were detected in WT and Hvcn1 ¡/¡ microglia. Thus, LPS strongly induces activation in both WT and Hvcn1 ¡/¡ microglia in vehicle and LPS treatment groups; 1 mM PMA was applied at 5 min. LPS treatment obviously accelerated the response and increased its magnitude in both WT and Hvcn1 ¡/¡ microglia. ROS production was enhanced in Hvcn1 microglia. In the present study, microglial activation upregulated gp91 expression (Fig. 1C) , as previously reported. 24, 25 However, there was no obvious difference in gp91 expression between WT and Hvcn1 ¡/¡ microglia in LPS-treated cells (Fig. 1C) . This is consistent with our recent immunohistochemical results showing that expression of p67, a cytosolic NADPH oxidase subunit, is upregulated by microglial activation and that expression of p67 is similar in WT and Hvcn1 ¡/¡ microglia treated with LPS. 14 On the other hand, enhanced ROS production in Hvcn1 ¡/¡ microglia was still observed in LPS-treated cells. Furthermore, it is noteworthy that ROS production was even higher in vehicle-treated Hvcn1 ¡/¡ microglia than LPS-treated WT microglia (Fig. 1D) , though expression of gp91 is relatively lower in vehicle-treated Hvcn1 ¡/¡ microglia than LPS-treated WT microglia (Fig. 1C) . These results indicate that expression levels of NADPH oxidase subunits cannot account for the enhanced ROS production in Hvcn1 ¡/¡ microglia.
In addition, while microglial activation by LPS increased ROS production in parallel with shortening of time to peak (Fig. 1D-F) , the enhancement in ROS production seen in Hvcn1 ¡/¡ microglia in the absence of LPS was not accompanied by shortening of time to peak ( Fig. 1D and our recent study 14 ). These observations indicate that the activation status of microglia also does not account for the enhanced ROS production in Hvcn1 ¡/¡ microglia.
Enhanced ROS production related to Hvcn1 deficiency is unique to microglia
We found that the effect of Hvcn1 deficiency in macrophages was opposite that of microglia -i.e., ROS production was lower in Hvcn1 ¡/-than WT macrophages, though the difference was more moderate than in neutrophils or T-cells. Thus, microglia have a unique mechanism for ROS production that is differently regulated by VSOP/Hv1 than in other cell types. It is noteworthy in that regard that the bimodal response observed in macrophages is common to neutrophils and T-cells, but is not observed in microglia. As shown in Fig. 1D and our recent study, 14 microglia exhibit a single-peaked response to both PMA and zymosan. When we focused on the bimodal responses observed in macrophages, neutrophils and T-cells, the suppression of ROS production caused by Hvcn1 deficiency was only observed in the ¡/¡ macrophages. There was a moderate difference at the second peak (P D 0.0528; unpaired t-test). (C) Area under the response curve (AUC) calculated for first and second peaks. For the first peak, the calculation goes from the onset to the valley in the bimodal responses. For second peak, the calculation goes from the valley to the end of recording. At the second peak, there was a significant difference between WT and Hvcn1 ¡/¡ macrophages.
Ã P<0.05, unpaired t-test.
second phase (second peak in the present study; Fig. 2 and our other studies 8, 14 ). While the mechanism underlying these separate responses is not completely understood, some studies suggest that the two responses are triggered by separate signaling cascades in, perhaps, adhesion-dependent or -independent phases. [27] [28] [29] [30] It is therefore possible that the supportive function of VSOP/Hv1 in ROS production is limited to specific conditions, and microglia lack that supportive function during respiratory bursts.
Insight into the difference in ROS production between microglia and neutrophils VSOP/Hv1 supports NADPH oxidase activity by exporting excess protons generated during ROS production. In our recent study, 14 we suggested the level of ROS production in microglia may be too small to affect membrane potential of these cells, 31 reducing the need for charge compensation. We based that idea on our observation that PMA did not affect the membrane potential in either WT or Hvcn1 ¡/¡ microglia (Fig S4B in our recent   study   14 )
. By contrast, PMA induces strong depolarization in neutrophils. 6, 14 In the present study, therefore, we quantitatively compared extracellular superoxide anion production between microglia and neutrophils (Fig. 3) . As expected, both the peak and integrated (AUC) luminescence signals were an order of magnitude greater with neutrophils than microglia ( Fig. 3B and C) . Considering the smaller size of neutrophils, it may make sense that microglia do not show as prominent depolarization during respiratory bursts. Thus, the requirement for charge compensation in microglia should not be as high as in neutrophils during respiratory bursts. Nonetheless, in peritoneal macrophages, whose ROS production was also much lower than in neutrophils, ROS production was reduced in Hvcn1 ¡/¡ cells, though the difference was moderate compared to neutrophils (Fig. 2) . It thus appears that the charge compensation function of VSOP/ Hv1 during respiratory bursting plays some role in macrophages. It will be also important to consider the possibility that other charge compensatory mechanisms suggested by other studies (voltage-gated K C channels,
-activated K C channels and Cl ¡ channels) [32] [33] [34] [35] [36] function during respiratory burst, reducing the necessity of VSOP/Hv1 for charge compensation.
Overall, the present work and our recent study 14 shed light on the unexpected function of VSOP/Hv1 in microglial ROS regulation. In the future, it will be important to determine the molecular mechanism underlying this unconventional regulation of ROS production in microglia as well as its relationship with neuropathology, which has been suggested by studies of mice deficient in VSOP/Hv1. 12, 14, 15 Materials and Methods
Reagents
Phorbol myristate acetate (PMA) and lipopolysaccharide (LPS) were purchased from Sigma (St Louis, MO). PMA was dissolved in DMSO at 1.6 mM, and LPS was dissolved in H 2 O at 10 mg/mL. They were kept in ¡30 C.
Animals
The Hvcn1 ¡/¡ mice used in this study were previously described in detail. 14 In these animals, exon 5 of Hvcn1 is flanked by two loxP sites and is completely deleted from the entire body by crossing with CAGcre transgenic mice. 37 The elimination of VSOP/Hv1 activity in these mice was confirmed in our earlier study.
14 All animal procedures were approved by the Animal Care and the Use Committee of Osaka University and Niigata University.
Preparation of primary microglia
Primary microglia were prepared as described previously.
14 Briefly, minced cerebral cortices from newborn mice were treated with trypsin and DNaseI. Dissociated and filtered cells were suspended in Dulbecco's modified Eagle medium supplemented with 0.1% penicillin/streptomycin and 10% heatinactivated fetal bovine serum and then seeded into poly-L-lysine-coated 75 cm 2 cell culture flasks. The medium was changed appropriately. The floating microglia were collected by gently shaking the flask.
Measurement of extracellular ROS production by microglia, neutrophils and peritoneal macrophages
Extracellular ROS production by microglia and neutrophils was measured as described previously.
14 Cells were suspended in balanced salt solution containing (in mM) NaCl 150, KCl 5.0, CaCl 2 1.8, MgCl 2 1.2, HEPES 25, and D-glucose 10 (pH 7.4). Superoxide anion was monitored using a luminol-based assay, Diogenes (National Diagnostics, Atlanta, GA). The signal was detected as luminescence using a SH9000Lab microplate reader (Corona Electric, Ibaraki, Japan). For microglia, data were normalized to the number of microglial cells; for neutrophils, all experiments were performed with 1000 cells. For measurement of extracellular ROS production by macrophages, peritoneal macrophages were harvested after injecting ice-cold phosphate buffered saline into the peritoneum and then collecting it. 38 We calculated the superoxide anion production by subtracting the data obtained after treatment with 100 U/mL superoxide dismutase from the original data.
Real-time quantitative reverse transcription PCR with cultured microglia
After total RNA was prepared from cultured microglia using TRIzol (Invitrogen Carlsbad, CA) according to the manufacturer's protocol, cDNA was synthesized using a SuperScript III First-Strand Synthesis System (Invitrogen Carlsbad, CA). Gene expression levels were analyzed using the following gene-specific primers: for gp91, 
Statistical analyses
Statistical analyses were performed using Prism 6 (GraphPad Software, San Diego, CA). All the data are represented as means § SEM.
